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Graduate School of Engineering, Yokohama National University, Yokohama, JapanABSTRACT The orientation behavior of Bombolitin II (BLT2) in the dipalmitoylphosphatidylcholine membrane bilayer was
investigated by using molecular-dynamics simulation. During the 20-ns simulation, the BLT2 began to tilt and finally reached
the angle of 51 from the membrane-normal. The structure of the peptide formed the amphipathic a-helical structure during the
entire simulation time. The peptide tilts with its hydrophobic side faced to the hydrophobic core of the bilayer. We analyzed the
mechanism of the tilting behavior of the peptide associated with the membrane in detail. The analysis showed that the hydrogen-
bond interaction and the electrostatic interaction were found to exist between Lys12 and a lipid molecule. These interactions are
considered to work as an important factor in tilting the peptide to the membrane-normal.INTRODUCTIONMolecular-dynamics (MD) simulations have been applied
for some membrane protein molecules to investigate their
conformational and orientation behavior in the membrane
environment. These works have revealed many interesting
features about the peptide conformation, orientation, and
interaction between peptide and the membrane in the
peptide/membrane systems (1–21).
One of the most investigated membrane peptides, found
in bee venom and consisting of 26 amino-acid residues, is
melittin. Berne`che et al. (1) performed MD simulation of
melittin in dimyristoylphosphatidylcholine (DMPC) bilayer
and showed that the peptide orients parallel to the mem-
brane surface and the presence of the peptide in upper layer
causes a local thinning of the bilayer. Later, Bachar and
Becker (2) showed the results of the MD simulation of
melittin in dipalmitoylphosphatidylcholine (DPPC) bilayer.
Their results indicated that the peptide tilts by 25 to the
membrane-normal and this was found to correlate with
a comparable tilt of the membrane lipid molecules. Experi-
mentally, Smith et al. (3) showed that the melittin is adopt-
ing a helical conformation with a transbilayer orientation in
the lipid membrane by NMR spectroscopy. Naito et al. (4)
revealed the transmembrane structures of melittin incorpo-
rated into DMPC bilayers using solid-state NMR. Later,
detailed structures of melittin bound to dilauroylphosphati-
dylcholine (DLPC) and DPPC have been determined using
chemical shift oscillation analysis (5).
Another example is the MD simulation of dynorphin,
which is also a transmembrane peptide. N-terminal helical
segment of dynorphin was initially inserted into the bilayer
in a perpendicular orientation with respect to the membrane
plane. After 1-ns simulation, the helix axis achieved ~50
with the bilayer-normal (6). Similar structure was deter-Submitted March 17, 2011, and accepted for publication July 12, 2011.
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N-terminal a-helix was determined to be 21 (7). Other
examples are the transmembrane domain of Neu (8),
lysine-terminated alanine-leucine alternating polypeptide
(9), hydrophobic peptides of Trp- and Lys-flanked leucine
polypeptide (10), and the monomeric sarcolipin which regu-
lates the sarcoplasmic reticulum Ca-ATPase activity (11),
where the MD simulation were performed and the peptide
structures and orientations were investigated. Recently,
Kandasamy et al. (12) investigated the structure of the
second transmembrane domain of g-amino butyric acid
receptor in lipid bilayers using solid-state NMR and MD
simulation. They revealed that this peptide is unstable as
a monomer but stable as a pentamer in the DMPC bilayer.
Most of the works referenced above were performed by
using transmembrane peptides whose lengths are of compa-
rable or larger size compared to the membrane-bilayer
thickness. In most cases, the tilts of the peptide in the
membranewere observed. However, there are many peptides
whose lengths are shorter than the membrane thickness.
The behaviors of these small membrane peptides are inter-
esting with the comparison of the behavior of the large trans-
membrane peptides. Among them, Bombolitin II (BLT2),
one of the Bombolitins family, has a small size with only
17 amino-acid residues (13–21). This peptide is hemolytic
heptadecapeptides originally isolated from bumblebee
venom. The peptides lyse erythrocytes and liposomes and
are able to increase the activity of phospholipase A2.
To understand the hemolytic activity of the peptide,
elucidation of structure and orientation of BLT2 molecules
bound to membranes is certainly important. Battistutta
et al. (16) performed a computer simulation study of BLT2
that adopts an amphipathic helical structure in a dilute
aqueous solution of sodium dodecyl sulfate. TheMD simula-
tion of BLT2 was performed by Monticelli et al. (20) in a
membrane mimetic environment. They observed the parallel
orientation of the peptide on the surface of the decane/waterdoi: 10.1016/j.bpj.2011.07.018
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a membrane bilayer system has not been investigated yet.
In our previous article (21), we performed a solid-state
31P and 13C NMR experiment of BLT2 in a zwitterionic
DPPC bilayer and revealed the dynamic structure and
orientation of BLT2 peptide bound to the DPPC membrane
bilayer. 31P NMR spectra showed that BLT2-DPPC
membranes disrupted into small particles below the gel-to-
lipid phase transition temperature and the membrane surface
was oriented parallel to the static magnetic field by forming
amagnetically oriented vesicle systems through amembrane
fusion process above the phase transition temperature. 13C
NMR spectra of site-specifically 13C-labeled- carbonyl
carbons at the backbone of BLT2 were observed and the
chemical shift anisotropies were analyzed in terms of chem-
ical shift oscillation to determine the structure, dynamics,
and orientation of BLT2 bound to the magnetically oriented
vesicle systems. It was revealed that the membrane-bound
BLT2 adopts a straight a-helical structure and laterally
diffuses in the membrane, rotating around the membrane-
normal with the tilt angle of the helical axis at 33. We
also performed the MD simulation of the BLT2 in DPPC
membrane bilayer systems and showed the preliminary
results that support our experimental results of the peptide
structure and the orientation (21). As a continuing work,
we further perform the MD simulation and discussed the
mechanism of why the peptide takes a particular tilt angle
in the membrane bilayer in this article. The analysis of the
structure, the interaction between the peptide and the
membrane bilayer, and the mechanism of the orientation
of the peptide in the membrane bilayer system were dis-
cussed in detail. The analysis revealed the role of the side-
chain interaction with the membrane-bilayer charged group
that determines the tilting conformation of the peptide in the
membrane bilayer.FIGURE 1 Snapshot of lowest-energy conformation of BLT2. (Orange)
The a-helical conformation of the peptide backbone. (Blue) Side chains
with positive charges at the N-terminal of Ser1 and hydrophilic Lys2,
Lys9, and Lys12. (Red) Side chain with negative charge of Asp5. (Green)
Other hydrophobic side chains. (Color figure online.)MATERIALS AND METHODS
Construction of BLT2 peptide
BLT2 is an amphipathic peptide that consists of 17 amino acids with the
sequence of Ser1 – Lys2 – Ile3 – Thr4 – Asp5 – Ile6 – Leu7 – Ala8 – Lys9 –
Leu10 – Gly11 – Lys12 – Val13 – Leu14 – Ala15 – His16 – Val17 – NH2 (13).
The N-terminal of Ser1 was modeled with protonated form of NH3
þ, which
is the dominant state at pH 7. The C-terminal of Val17 was formed with the
structure of CONH2 according to the amidation in our previous experi-
mental procedures. This peptide has positive charges at the N-terminal of
Ser1 and at the residues of Lys2, Lys9, and Lys12, and a negative charge
at the residue of Asp5, to give a net charge of þ3.
To build an initial conformation of BLT2, the lowest energy conforma-
tion of the peptide was first investigated because, to our knowledge, no
crystal structure is available in the literature for this peptide. Energy mini-
mization was performed using CHARMM (22) with its all-atom force field
(23). In this calculation, the main chain of BLT2 is assumed to have a right-
handed a-helical structure (24,25). As for the side-chain conformation, we
searched the lowest energy conformation by considering all possible orien-
tations of the side chain by rotating every torsion angle with a 120 interval.
However, the numbers of the conformers with different torsion angles aretoo many to evaluate all at once for this peptide (323 conformers). There-
fore, we used the following iteration procedure.
The side chains of BLT2 were divided into three groups: The first group
consists of three hydrophilic residues of Ser1, Lys2, and Asp5; the second
group consists of two hydrophilic residues of Lys9 and Lys12; and the third
group consists of the remaining all-neutral hydrophobic residues. Started
from a BLT2 conformation with arbitrarily oriented side chains, all possible
conformers with different side-chain torsion angles in the first group were
constructed and the lowest energy conformation for this group was ob-
tained. This conformation was used as an initial structure, and subsequently
all the conformers of the second group were calculated and the lowest
energy conformation for this group was obtained in a similar manner.
Further, started from the second conformation, all the conformers of the
third group were calculated and the lowest energy conformation was
obtained. These procedures were repeated until the same lowest energy
conformation in each procedure was obtained.
Fig. 1 shows the lowest energy conformation of BLT2 after taking the
minimization procedure. All the hydrophilic residues were located on one
side of BLT2 helix. Both positively charged residues of Lys2 and Lys9 orient
toward the negatively charged residue of Asp5. Namely, Asp5 made the salt
bridges with both Lys2 and Lys9 residues. The remaining Lys12 orients
toward the C-terminal side to avoid the electrostatic repulsion with Lys9.Biophysical Journal 101(5) 1212–1220
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following MD simulation in the membrane system.Construction of BLT2-membrane bilayer system
Molecular-dynamics simulation was performed to investigate the orienta-
tion behavior of the BLT2 single molecules in the membrane system.
DPPC is a zwitterionic phospholipid with a medium length of fatty acid
chain consisting of 16 carbons. The model of initial conformation of
DPPC membrane bilayer used in this study was based on that developed
by Feller et al. (26). The water molecules were put on two sides of the
bilayer. The peptide was placed in the DPPC membrane bilayer, and
most overlapped two DPPC lipid molecules (which have equivalent molec-
ular weights with the peptide) were removed. The short contacts between
the molecules after the insertion of the peptide were removed in the
minimization process. Three chloride ions were added as counterions to
neutralize the positively charged BLT2, and four NaCl molecules were
added in the water region that corresponds to the salt concentration of
100 mM NaCl. Water molecules overlapped with sodium and chloride
ions were removed. The final model included 1 BLT2, 70 lipid, and 2083
water molecules, and 4 sodium and 7 chloride ions, with a total number
of 15,639 atoms in the system (Fig. 2 a).
Solid-state NMR experiment showed that the peptide was inserted and
tilted to the membrane-normal (21). Therefore, the peptide was inserted
into the membrane perpendicularly to the membrane surface, with its
C-terminal toward the inside of the membrane. This is reasonable because
the N-terminus of BLT2 is more hydrophilic than the C-terminus owing to
the existence of the positive charge at the N-terminal of Ser1 and hydro-FIGURE 2 Snapshots of BLT2 in the membrane (a) before the simulation
and (b) after 20 ns simulation. (Red) Water molecules. Lipid headgroups of
the PC (green) and the PALM (gray) parts . For simplicity, sodium and chlo-
ride ions are not shown. (c) BLT2 molecule and lipid headgroups (detail of
inset in panel b). (Color figure online.)
Biophysical Journal 101(5) 1212–1220philic residues of Lys2 and Asp5at the N-terminal region. However, to our
knowledge, there is no report about which direction of the insertion side
of the C- or N-terminal is headed into the membrane center. Experimen-
tally, the determination of the insertion direction is quite difficult. Solid-
state NMR experiments in our previous report could not determine the
direction. Therefore, three cases of the peptide orientation in the membrane
were tested as follows.
First case
The BLT2 molecule was placed in the center of the membrane bilayer and
oriented perpendicularly to the membrane surface. In this model, the single
most-overlapped DPPC lipid molecule from each membrane leaf was
removed to build the membrane-peptide model system. The procedure
of the calculation was the same as described in the next section. As the
length of the peptide is shorter than the width of the bilayer, Both N- and
C-terminals of the peptide were embedded in the hydrophobic acyl-chain
regions. In this case, N-terminal suddenly moved toward the bilayer
surfaces during the progress of the simulation due to the strong electrostatic
interaction between the charged N-terminal region and phosphate groups
with negative charges in the head of the membrane. The C-terminal region
stayed inside the membrane. These movements induced the elongation and
unfolding of the helix chain after the 1-ns test calculation. This indicates
that the initial orientation is too far from the equilibrium orientation.
Second case
The BLT2 molecule was placed along the membrane-normal with the
C-terminal close to the membrane interface. Because the length of the
peptide is not long enough to thoroughly transpenetrate the membrane
bilayer, the N-terminal region was placed at the inner part of the membrane.
In this case, the whole BLT2 molecule moved toward the center of the bila-
yers and the helical structure part was unfolded again. This is because the
hydrophilic residues of the N-terminal region tried to move toward the
membrane surface with opposite charges. The unfolding of the helical
structure again indicates the adopted initial structure is too far from the
equilibrium state to reach within this simulation. As the experimental
data of our solid-state NMR showed that the peptide takes a-helical confor-
mation in the membrane, the a-helical structure of the peptide should be
maintained in the equilibrium state.
Third case
The BLT2 molecule was placed with its N-terminal close to the membrane
interface. In this case, the molecule kept the helical structure during the
entire simulation time. These results indicate that the N-terminal of the
peptide is close to the membrane interface in the equilibrium state because
this is the only orientation that the a-helical conformation kept in each of
these test calculations. The third casewill be discussed in this article in detail.
Additional note
Because BLT2 is an amphipathic molecule, the possibility of the parallel
orientation of this molecule on the membrane surface was briefly checked.
The BLT2 molecule was placed with its hydrophobic side toward to the
membrane surface. In this case, although the molecule kept the helical
structure during the 2-ns test simulation time, the peptide oriented perpen-
dicularly to the membrane surface and began to enter into the water region.Procedure of the simulation
The procedure of the simulation was the same as discussed in the previous
article (21). MD simulation was performed using CHARMM (22) with its
all-atom force field (23,27,28). The water models were represented using
the modified TIP3P force field (29). The system was set up as a 4.8 nm 
4.8 nm  6.8 nm orthorhombic box. The energy of the system was mini-
mized by using two steps with crystal lattice:
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torsion angles constrained in the DPPC membrane bilayer.Step 2. Minimization was performed without any constraint on the
peptide/membrane system.
After the minimization, the MD simulation for 20 ns was performed
without any constraint on the peptide/membrane system. All the MD simu-
lations were performed with isobaric-isothermal ensemble (NPT) with 1-fs
time step. Nonbonded interactions were calculated using a group-based
cutoff with a switching function and were updated every five time steps
(22). The switching function was turned on at 1.2 nm and turned off at
1.35 nm. All the bonds containing hydrogen were constrained using the
SHAKE BONH algorithm (30). Electrostatic interaction was calculated
using Ewald summation method (31). The dielectric constant was set at
1.0. The periodic boundary conditions were assigned to the system and
the pressure was kept constant at 1 atm along membrane-normal with fixed
membrane area. The temperature was set at 323 K to be well above the gel-
to-liquid crystal transition temperature for DPPC, 42C (32), which was
controlled by a Nose´-Hoover thermostat (33,34). This temperature is the
same as in our previous NMR experiment (21). The trajectories were saved
every 50 fs and subsequently used in the analysis. Data visualization was
done using VMD1.8.7 (35). All the simulations of CHARMM were per-
formed using a standard lab-level workstation with an AMD Opteron 285
dual-core CPU (Advanced Micro Devices, Sunnyvale, CA).RESULTS AND DISCUSSION
Structure and orientation of BLT2 in a DPPC
bilayer
Fig. 2 b shows the snapshot of the BLT2-DPPC membrane
bilayer system after 20-ns MD simulation. It is clearly
shown that the helical axis of the BLT2 tilted after 20-ns
simulation although the initial orientation of the peptide
was set parallel to the membrane-normal (Fig. 2 a). The ob-
tained tilted angle z averaged for the last 5 ns is 51 to the
membrane-normal. The tilted angle z was defined as an
angle between the first principal axis of the BLT2 helix
and the membrane-normal. The first principal axis of theFIGURE 3 Main-chain torsion angles of f and j for 17 residues of BLT2. Eac
lines) Median value of the variable. (Dotted thick lines) Standard values of theBLT2 helix was calculated using the backbone main-chain
atoms that keep the a-helical structure from residue 2 to
15 that was selected in the next section. The obtained tilted
angle is a little larger than that observed in our previous
solid-state NMR experiments, but the tilting behavior of
BLT2 in DPPC membrane is clearly observed (21).
The secondary structure of BLT2 in the membrane bilayer
was investigated by analyzing the main-chain torsion angles
of f: Cn(C¼O)Nnþ1Canþ1Cnþ1(C¼O), and j: Nn
CanCn(C¼O) Nnþ1. Fig. 3 shows the distribution of
the main-chain torsion angles of f and j of each residue
for last 400-ps simulation. The torsion angles show no large
deviation from the a-helical structure between residues
from Lys2 to Ala15. Only the residues at the ends of the
peptide, Ser1, His16, and Val17 show deviation from the ideal
a-helical values. The average standard deviation of the dihe-
dral angles from Lys2 to Ala15 is510.0 for f and59 for
j, respectively. Although the fluctuation of the dihedral
angle j is a little larger than that of f, they are fluctuating
around the a-helical conformation as well as the end resi-
dues of the peptide. In other words, the a-helical conforma-
tion of this peptide is well preserved during the simulation
time except the end residues at Ser1, His16, and Val17. The
snapshot of the peptide structure at the end of the simulation
is shown in Fig. 4 a. It shows well the preservation of the
right-handed a-helical structure at the central part of the
peptide and the deviation at the end site of this peptide.
Fig. 4 a also shows the side-chain orientation around the
helical core of BLT2. The amphipathic structure of the
BLT2 molecule is clearly seen where hydrophilic residues
are all oriented toward at one side. To investigate the rela-
tion between the amphipathic structure of the peptide and
the tilting behavior in the membrane, we analyzed the
arrangement of the carbonyl carbon atoms of the backboneh torsion angle is sampled 400 times (lasting only picoseconds). (Short thin
torsion angles of the a-helix structure.
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FIGURE 4 Top view from N-terminal side (a), and helical wheel projec-
tion of the main-chain carbonyl carbon atoms (b) of BLT2 peptide at the end
of the simulation. (Blue) Side chains and the carbonyl carbon atoms of the
peptide residues of Lys2, Lys9, and Lys12 with positive charges. Side chains
and the carbonyl carbon atoms of the peptide residues of Asp5 with negative
charge (red) and hydrophobic residues (green). The phase angle of the
carbonyl carbon of Ile6 in the helix is defined by the angle of q, which is
measured at anticlockwise angles to the x axis. (Color figure online.)
FIGURE 5 Time dependence of the tilted angle z of BLT2 helix to (a) the
membrane-normal, and (b) the distance between the center of mass of
a BLT2 molecule and the center of a membrane bilayer.
1216 Javkhlantugs et al.chain on the helical wheel as is shown in Fig. 4 b. In our
previous article, we labeled the Ile6 and determined the
position of this residue using a solid-state NMR experiment.
The experiment showed two possible values for the angle of
qIle6 ¼ 153 and qIle6 ¼ 27. (The values of gIl6 ¼ 117
and gIl6 ¼ 63 in Fig. 7 of Toraya et al. (21) were
measured as anticlockwise and clockwise angles to the y
axis, respectively. In this article, we used the angles of q,
which were measured as anticlockwise angles to the
x axis.) The average value of q obtained for last 5 ns is
102, which clearly supports the positive value of q obtained
in the experiment.Movement of BLT2 peptide in the membrane
Fig. 5 a shows the time course of the tilting behavior of the
BLT2 in the DPPC membrane bilayer. The peptide is grad-
ually tilting and reaching to the equilibrium tilting angle
after having fluctuated for >10-ns simulation time. The
average value of the tilting angle calculated for the last
5 ns of the simulation is 51. Although this value is a little
larger than the value of 33 obtained from the solid-state
NMR experiment, they are qualitatively in good agreement
with each other and the tilting behavior of this peptide is
clearly shown in this simulation.
The movement of the peptide along the vertical direction
was also analyzed, and its time course is shown in Fig. 5 b.
Fig. 5 b shows the distance between the center of mass of the
BLT2 molecule and the center of the membrane bilayer. The
BLT2 molecule slowly moves toward the surface of the
membrane during the period of the peptide rotation, but it
is approaching the equilibrium state at the end of the simu-
lation. After the 15-ns simulation time, both the tilting and
the translational movements are approaching the equilib-
rium state as was shown in Fig. 5.Biophysical Journal 101(5) 1212–1220Interactions of Bombolitin-II with a membrane
bilayer
To investigate the detailed mechanism under which the
BLT2 molecule tilts from the membrane-normal, we
analyzed the interaction between hydrophilic residues in the
peptide and the lipid molecules. As were shown in Fig. 2 c
and Fig. 4, charged group of Ser1 at N-terminal and the
hydrophilic side chains of Lys2, Asp5, Lys9, and Lys12 are
all located at one side of the BLT2 helix and oriented toward
the outer side of the membrane bilayer. The interaction
energy was calculated between each charged residue and
the surrounding lipid molecules. The time courses of the
interaction energies for all charged residues were shown
in Fig. 6. In Fig. 6 a, Asp5 shows almost no interaction
with the lipid molecules. Instead, Ser1 and Lys2 show the
attractive force with the lipid molecules. They are largely
fluctuating in both cases. Because these residues exist in
membrane interface, the positive charges of these residues
interact with the negative charges in the headgroups of the
membrane by the electrostatic interaction. The fluctuation
of the interaction shows that the strength of the interaction
varies depending upon the movement of the lipid molecules.
Although the fluctuation indicates that no specific interac-
tions occur with the specific sites of the membrane, the
strong interaction of Ser1 and Lys2 with the membrane head-
groups works as an anchor to keep these residues in this
region during the tilting behavior.
FIGURE 6 (a) Time dependence of the interac-
tion energy changes between Ser1, Lys2 with
Asp5 and lipid molecules. (b) Time dependence
of the interaction energy changes between Lys9,
Lys12 and the lipid molecules.
Interaction of Bombolitin II with Membrane 1217Lys9 and Lys12 are more important among all hydrophilic
residues for rotational and translational movements of BLT2
in the membrane bilayer, because these hydrophilic residues
locate far from the interface region. The interaction energies
among Lys9, Lys12, and lipid molecules were analyzed and
the results were shown in Fig. 6 b. The interactions for these
residues with membrane are both attractive. The snapshot
picture of the molecular orientation of Lys12 at the end of
the dynamics simulation is shown in Fig. 2, b and c. As
can be seen in the figure, the side chain of Lys12 orients
toward the outer side of the membrane bilayer (oriented
upward in the picture). In this orientation, the side chain
of Lys12 is brought close to interact with the charges in
the headgroup of the lipid molecules. This interaction can
be considered to work as a torque force to orient the peptide
tilt in the membrane bilayer. In contrast, the reverse side of
the peptide is hydrophobic in its amphipathic structure. This
side favors the inner side of the membrane bilayer sur-
rounded by hydrophobic acyl chains with hydrophobic
interactions. The picture in Fig. 2, b and c, shows the tilted
structure where the torque force of the Lys12 (that tries to tilt
the molecule) and the hydrophobic interaction (that tries to
roll back the molecular orientation to the membrane-
normal) may be well balanced.The interaction between Lys9 and lipid molecules is
shown in Fig. 6 b. The interaction is attractive and the value
is >40 kcal/mol. Although the interaction is smaller than
that between Lys12 and lipid molecules, this interaction also
has a possibility to work as a force to tilt the peptide.
Lys9 interacts not only with lipid molecules but also with
Asp5 to make an intramolecular salt bridge. The interaction
is very large, as was shown in Fig. 7. The formation of salt-
bridge structure in Bombolitins was reported in Holtz et al.
(18) and Monticelli et al. (20). In their UV Raman experi-
ments, Holtz et al. (18) suggested that Asp5 makes a salt
bridge with the Lys2 . However, in our simulation, the
distance between Asp5 and Lys2 became far beyond that
required to make a salt bridge, despite the fact that our simu-
lation started from the structure that Asp5 uses to make a salt
bridge with both Lys2 and Lys9. This is because Lys2 locates
in the interface region of the membrane. In this circum-
stance, Lys2 residues have a large opportunity to interact
with the surrounding phosphate groups with negative
charges in the head of the membrane bilayer. However, it
was found that there are no charged atoms with opposite
sign around the Asp5 except the Lys9. Fig. 7 shows that
Asp5 strongly interacts with Lys9 and weakly interacts
with Lys2. The negative charge of the Asp5 would favorBiophysical Journal 101(5) 1212–1220
FIGURE 7 Time dependence of the interaction
energy changes of Asp5 with Lys2 (red) and Lys9
(blue) residues. (Color figure online.)
1218 Javkhlantugs et al.interaction with positively charged Lys9 and make a steady
salt bridge in this simulation.
Among the above interactions, the most important one to
tilt the peptide to the membrane-normal can be considered
to have originated from the interaction between Lys12 and
the lipid molecules. Further analysis of the interaction of
Lys12 with surrounding lipid molecules showed that Lys12
has a strong interaction with only one lipid molecule.
Fig. 8 shows the interaction energy between Lys12 and
that one selected lipid molecule. The comparison of the
strength of the interaction shown in Fig. 6 b and Fig. 8 indi-
cates that the interaction energy of Lys12 with the lipid
molecules originated mainly from one selected lipid mole-
cule. The interaction energy was separately investigated
between the phosphatidylcholine (PC) part and the palmitic
acid (PALM) chain part of the lipid molecule. It can be seen
that the most of the interaction between Lys12 and lipid
molecule comes from electrostatic interaction with the
charged headgroup of PC. However, the PALM part also
has an attractive interaction with <10 kcal/mol. The anal-
ysis showed that there is hydrogen-bonding interaction
between side-chain N-H group of the Lys12 residue and
C¼O group of the PARM chain group. Fig. 9 shows the
time course of the distance between two amino protons of
the Lys12 side chain and carboxyl oxygen of PARM chain.
It is found that the distance of either one of them is shorter
than 2 A˚ in entire time courses except the time region from
10 to 15 ns. This indicates that at least one hydrogen bond
forms between the Lys12 and PARM chain. Although the
value of the energies for this hydrogen-bond interactionBiophysical Journal 101(5) 1212–1220is ~10–20% of that PC headgroup, it cooperatively works
with the PC headgroup to maintain the Lys12 side chain at
a special site in the membrane bilayer. These hydrogen-
bond interactions and the electrostatic interaction can be
considered to work as a combined force to tilt the peptide
from the membrane-normal.
Then the effect of the peptide on the order and dynamics
of the lipid molecules were investigated. The order of the
membrane was evaluated using the distance between the
average of all positions of the phosphorus atoms in the upper
layer of the membrane and the center of the membrane
bilayer. The result is shown in Fig. 10. The distance
shows almost constant value in all time regions. It indicates
that the membrane keeps a well-ordered condition during
the simulation even though the peptide is inserted into the
membrane. The dynamics of a phosphorus atom of the
membrane molecule (Fig. 10, phosphorus 1), which inter-
acts with Lys12, was also evaluated by measuring the
distance between its vertical position and the center of the
membrane bilayer. The result is shown in the same figure.
As a comparison, the movement of a phosphorus atom
(Fig. 10, phosphorus 2), which exists far from the peptide
region, was calculated and the result is shown in the same
figure. It can be seen that the fluctuation is large in both
cases, but they both keep the average value constant during
the entire simulation time. The fluctuations are also almost
the same in both cases. It indicates that the extent of the
dynamics of the membrane, which interacts with Lys12, is
almost the same compared to the other membrane molecules
during the entire simulation time.FIGURE 8 Time dependence of the interaction
energy changes between Lys12 and a lipid mole-
cule, which interacts with Lys12. The interactions,
respectively, between Lys12 and the PC part
(blue); the PALM part (green); and a whole lipid
molecule (red). (Color figure online.)
FIGURE 9 Distances between the carbonyl
oxygen of the PALM of the lipid molecule and
amino protons of the Lys12 are shown to check
the hydrogen-bond formation during the entire
simulation time. (Inset, snapshot) Hydrogen-
bonding structure between one lipid molecule
(one PC part and two PARM parts) and the side
chain of Lys12 at the end of the simulation.
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The orientation behavior of BLT2 in the DPPC membrane
bilayer was investigated using an MD simulation. We
started the simulation from the perpendicular orientation
of the peptide, but the BLT2 tilted with angle of 51 after
the 20-ns simulation. This is qualitatively similar to the tilt-
ing angle of BLT2 in the DPPC membrane bilayer observed
in our previous solid-state NMR experiments. In the case of
the transmembrane peptides whose lengths are larger than
the thickness of the membrane bilayer, they would tilt to
overcome the hydrophobic mismatch between their lengths.
Tilting behavior of the peptides embedded in the membrane
was also observed. As the lengths of these peptides are
shorter than the thickness of the membrane, the origin of
the mechanism should be different from that of the trans-
membrane. We therefore showed the possible mechanism
of the tilting behavior of the BLT2 molecule by using an
MD simulation.
The amphipathic conformation of the peptide embedded
in the membrane bilayer would be influenced by a torque
force to tilt the peptide. These torque forces come from
the two-site interaction between the peptide and the lipid
molecules. One site works as an anchor of rotation at the
interface region and the other site works inside the mem-
brane bilayer as a site of action in the mechanics to induce
a torque force to tilt the peptide. These interactions existbetween Lys12 and a lipid molecule through the hydrogen-
bonding interaction and the electrostatic interaction.
The understanding of the tilting behavior is important. We
need to elucidate the biological activity of these membrane
peptides to glean information on signaling and toxicity
(such activities being initialized by the forming of pores
or by promoting the membrane fusion, as put forth by
Esteban-Martin and Salgado (10)). Studies of the tilting
behavior of other membrane-embedded peptides will be
needed to further the understanding of biological activities
of membrane-associated peptides.
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